The silver-titania nanoparticles with various silver contents were prepared by introducing the silver onto titania surface. Presence of silver was confirmed by various analyses. Compared to neat titania nanoparticle, the silver-titania nanoparticle exhibits better visible light photocatalytic degradation of methylene blue. Loading of silver onto titania leads to an enhancement of the visible light photocatalytic activity. The nanoparticles show good antimicrobial activities against E. coli. It is due to the loaded silver with excellent antimicrobial activity. Next, the silver-titania spreaded polyurethane composite nanofibre mat (CNM) for protection layer of protective clothing material was prepared using simultaneous process of electrospinning and electrospray. The electrosprayed silver-titania nanoparticles are well dispersed on the surface of polyurethane nanofibres. Compared to neat polyurethane nanofibre mat, the CNM shows a better photocatalytic degradation of dimethyl methylphosphonate (DMMP) under visible light and UV-A irradiation for 60 min. The CNM shows good antimicrobial activities against S. aureus.
Introduction
Chemical warfare agents (CWA) are tactical warfare using incendiary mixtures, smokes, or irritant, burning, poisonous, or asphyxiating gases [1] . CWA are classified into seven types according to their target organs or tissues: nerve agents, vesicant agents, choking agents, blood agents, incapacitants, lacrimators and vomiting agents [2] . Biological warfare agents (BWA) are microorganisms (or toxins derived from it) which cause disease in man, plants or animals or cause deterioration of material [3] . BWA are classified into four types: bacteria, viruses, rickettsiae and toxins [2] . It is very important to protect humankind against the chemical and biological warfare agents (CBWA).
There are various types of defence equipments to protect the body from CBWA: detector, respirator, protective clothing (garment), decontaminants and medical countermeasures. Especially many CBWA are dermally active. So, a number of studies have presented about materials of protective clothing against CBWA. The protective clothing is normally classified into two types: impermeable and permeable. Impermeable clothing is cumbersome and uncomfortable and therefore its use has been limited to special action. Permeable clothing is usually impregnated with adsorbent such as activated carbon. The current standard protective overgarments are the battledress overgarment (BDO) and JSLIST overgarment (OG) .
A number of studies have presented about new protective clothing materials, which are much more adsorptive, comfortable and light-weight. Researches [14] , have been studied as alternatives to activated carbon.
Titania (TiO 2 ) is the most efficient catalyst because of its high photocatalytic activity, electronic property, low cost, non-toxicity, and chemical stability; it has been used for decomposition of CWA [15, 16] . However, its main drawback is poor photocatalytic activity under visible light activity. The main limitation is the low efficiency of the process under visible light irradiation due to the wide band gap of titania (3.2 eV for anatase). To extend the photocatalytic activity of titania to the visible range, there are various modification techniques to enhance photocatalytic activity under visible light irradiation [17−20] .
One method is loading of silver (Ag) nanoparticles onto titania surface [21] . The loaded silver on titania surface extends the light absorption into the visible range and enhances the surface electron excitation by plasmon resonances. Also, silver is a powerful natural antibiotic being with excellent antibacterial activity [22] ; it has been widely used for decontamination of microorganisms.
Moreover, electrospun nanofibre mat can be acted as physical shield from CBWA. High surface area and micro/nano pores of nanofibre mat can provide good deposition sites for introducing silver-titania.
In this work, we developed the protective clothing material that might be effective against both chemical and biological warfare agents. First, the silver-titania nanoparticles were prepared by introducing the silver onto the titania surface. Presence of silver on the silver-titania nanoparticles was confirmed by FE-SEM/EDS, HR-TEM, XRD, XPS and ICP-MS analyses. And the photocatalytic and antimicrobial activities of the nanoparticles were examined with methylene blue and Escherichia coli (E. coli). The protective clothing material, which was consisted of silver-titania spreaded on the polyurethane nanofibre, was developed by using of the simultaneous process of electrospinning and electrospray. The photocatalytic activities of the protective clothing material under visible and UV light were examined with dimethyl methylphosphonate (DMMP) as sarin (nerve agent) simulant. The antimicrobial activity of the protective clothing material was examined with Staphylococcus aureus (S. aureus). This work will have significance in development of protective clothing materials against CBWA.
Experimental details

Silver loaded titania nanoparticles
The silver loaded titania (silver-titania) was prepared by introducing the silver nanoparticle onto titania surface. First, to prepare aqueous titania (TiO 2 ) suspensions, 0.20 g (2.5 mmol) commercial titania nanoparticles (P25, Degussa, containing crystalline phases of anatase 80% and rutile 20% [23] ) were placed into 100 ml of deionised water, and dispersed by using a horn-type ultrasonicator for 30 minutes. The pH condition of the suspensions, which was adjusted to pH 4, 6 and 8, was adjusted by adding a small amount of 0.071 M ammonium hydroxide solution (NH 4 OH, ≥99.99%, Sigma-Aldrich, ACS Reagent) aqueous solution. After pH control, the suspensions were ultrasonicated for 30 minutes. Then 0.0425 g (0.25 mmol) of silver nitrate (AgNO 3 ) as silver precursor was added into the suspensions. These suspensions were stirred vigorously for 30 minutes at room temperature. Then, 0.0095 g (0.25 mmol) of sodium borohydride (NaBH 4 ) was added for rapid chemical reduction of silver ions. There was a changing color of the suspensions from white to purplish brown. These purplish brown suspensions were vigorously stirred for 30 minutes. Then these suspensions were centrifuged and washed four times to separate the silver-titania nanoparticles from the suspension. The nanoparticles were dried at 298 K for 24 hours in vacuum oven. Finally the nanoparticles were calcined at 500°C for 1 hour.
Presence of silver on silver-titania surface was confirmed using field emission scanning electron microscopy (FE-SEM, SUPRA 55VP; Carl Zeiss), energy-dispersive X-ray spectroscopy (EDS, XFlash 4000; Bruker AXS), high resolution transmission electron microscopy (HR-TEM, JEM-3010; JEOL), X-ray diffraction analysis (XRD, M18XHF; MAC Science Co.) and X-ray photoelectron spectroscopy (XPS, SIGMA PROBE; ThermoVG). For FE-SEM/EDS analysis, the nanoparticles were mounted on stub and coated with platinum. Specimens were observed at an accelerating voltage of 10 kV. The elemental composition of specimens was determined with EDS at an accelerating voltage of 15 kV. Further structural information for the nanoparticle is obtained using a XPS fitted with Mg/Al K α X-ray source and sweep mode analyser electronics. The binding energy scale was calibrated at the main C 1s peak (284 eV). The contents of silver on silver-titania nanoparticles were confirmed using inductively coupled plasma mass spectrometry (ICP-MS, Elan 6100; PERKIN-ELMER SCIEX).
The light absorbance of dilute silver-titania dispersion was observed by UV-vis spectroscopy (UV-vis, Lambda25; Perkin Elmer). Photocatalytic activity of the silver-titania was evaluated by measuring the amount of remained methylene blue in dispersion under visible light or UV light irradiation. 100 mg of the nanoparticles were dispersed enough in 100 mL aqueous solution containing 20 ppm methylene blue. The dispersion was stirred vigorously under visible or UV irradiation. The dispersion of 5 mL was collected at regular intervals, and filtered. Finally the change of the relative concentration of methylene blue was determined by UV-vis.
Antimicrobial activity of the silver-titania was evaluated against Escherichia coli (E. coli) based on the dynamic shake flask test according to ASTM E 2149.
Electrospun polyurethane nanofibres
The polyurethane (PU) nanofibre mat for inner shell material of protective clothing was prepared by electrospinning method. PU, used for electrospinning, was supplied by Hyosung R&DB Labs (Korea) and used directly without further purification. PU was dissolved in binary solvent mixture (3:1 v/v) of N,N-dimethylformamide (DMF, anhydrous, 99.8%, Sigma-Aldrich) and tetrahydrofuran (THF, anhydrous, ≥99.0%, Sigma-Aldrich) at 50°C. Small amount of Benzyl trimethyl ammonium chloride (BTMAC, ≥99.0%, Tokyo Chemical Industry, Japan), a kind of organic salt, was added into PU solution to increase the conductivity of PU solution.
PU solutions were electrospun to nanofibres using electrospinning setup with a two robot system (NanoNC Co., Korea). The equipment was composed of a rotating drum collector, a high DC-voltage supply and a syringe pump basically. PU solution was placed in a 10-mL syringe having a steel needle and transferred at a flow rate of 0.5-2.0 mL/h by syringe pump during electrospinning. The syringe needle tip was directly charged by a positive voltage from 15 kV to 25 kV and the collector was charged by a negative voltage of -5 kV. The needle tip-to-collector distance was controlled 9-18 cm. All PU nanofibre mats were electrospun at 21-23°C and 23-31 RH% ambient condition in the chamber. The optimised electrospinning conditions for uniform nanofibres were determined based on nanofibre morphology and stability during electrospinning.
The morphology of the PU nanofibres was investigated by using field emission scanning electron microscopy (FE-SEM, JSM-6330F; JEOL). The pore diameter and distribution of the nanofibre mat were measured using a capillary flow porometer (CFP-1500AEL; Porous Material Inc.) using SilWick silicone fluid (Porous Materials Inc.) with a surface tension of 19.1 dynes/cm as the wetting agent for porometry measurements. And air gas (0-100 psi) used as a working gas. The pore size and distribution were calculated by the software from Porous Media Inc. using the following equations:
where d is maximum pore diameter; C is constant (0.415 when p is in psi); γ is the surface tension of wetting liquid; p is the differential pressure.
where Q is filter flow percentage; h is higher pressure limit; l is lower pressure limit; D is pore size distribution; d is maximum pore diameter; L is previous value.
Silver-titania spreaded polyurethane composite nanofibre mat
Silver-titania spreaded PU composite nanofibre mat was prepared by an electrospinning/electrospray simultaneous process. Silver-titania was dispersed in methanol (1.0 wt%) by using a horn-type ultrasonicator for 30 minutes. The dispersion was electrically sprayed onto PU nanofibre surface by synchronous electrospray during PU electrospinning at the optimum condition. Electrospray conditions were as follows: applied voltage was 15 kV, the suspension feed rate was 1.0-5.0 ml/h and tip-to-collector distance was 10 cm. The morphology of the composite nanofibre mat was examined by FE-SEM (JSM-6335F; JEOL). Silver-titania content of the composite nanofibre mat was confirmed by thermal gravimetric analysis (TGA, Q500; TA Instruments) at heating rate of 10°C/min in N 2 atmosphere.
To evaluate photocatalytic degradation of a chemical warfare agent simulant by the composite nanofibre mat, the photocatalytic test was performed under visible or UV light irradiation. Dimethyl methylphosphonate (DMMP) was used as nerve agent simulant. 1 g of the composite nanofibre mat was immersed in 100 mL of DMMP aqueous solution (20 mM) contained in quartz beaker. The sample was magnetically stirred in the dark for 1 hour for stabilisation. During UV irradiation, the DMMP solution was taken with fixed intervals and checked the UV-visible adsorption. The decomposition of DMMP was analysed by UV-vis (Lambda25; Perkin Elmer) in the range 190-400 nm.
Antimicrobial activity of the composite nanofibre mat was quantified against Staphylococcus aureus (S. aureus) according to the procedures of AATCC 100.
Results and discussion
Confirmation of silver loading onto titanium dioxide surface
Physicochemical properties such as particle size distribution, ζ-potential, isoelectric point (pH IEP = 6.4) and dispersion stability of P25 have been previously reported [24−28] . The morphology of silver-titania samples was examined by FE-SEM and HR-TEM. There are no obvious difference of morphology among ST4, ST6, and ST8. Figure 1 shows the FE-SEM image and EDS results of silver-titania pH 4 (ST4) nanoparticle. The size of the particles is unchanged as compared with P25. The nanoparticle shows a rugged surface (Figure 1(a) ). Roughness of surface results from the existence of silver. Presence of loaded silver is detected by EDS analysis (Figure 1(b) ). Green spots of EDS mapping image indicate the presence of silver. The atomic ratio of loaded silver on the titania surface is approx. 0.083 (Ag/Ti) (Figure 1(c) ). The presence of silver was additionally confirmed using XRD and XPS analyses. The XRD patterns are shown in Figure 3 . All of silver-titania specimens show anatase and rutile phases like P25. Also, diffraction peaks for Ag(0) species at 2θ = 38.1, 44.2, 64.4, and 77.4° are assigned as the (111), (200), (220) and (311) reflection lines of fcc silver nanoparticles [29] . Diffraction peak for Ag(I) species (34.2°) are not observed [21, 29] . It might be due to the calcination of the nanoparticles. The XPS spectra provide the valence state of silver on all of silver-titania nanoparticles, as shown in Figure 4 . Two individual peaks found at ~372.8 (3d 3/2 ) and ~366.8 eV (3d 5/2 ) confirm the presence of silver on the all of silver-titania nanoparticles; these results agree with EDS data. The splitting of the Ag 3d 3/2 and Ag 3d 5/2 peaks is 6.0 eV which indicates that the silver is in the form of a metal [30] . The peaks of Ag 3d 3/2 and 3d 5/2 for calcined samples are slightly shifted to high binding energy. The calcination process would affect the valence states of silver on the silver-titania. There are no differences of chemical states of silver. The pH condition does not affect the changes of chemical states of silver. XPS spectra of all samples with different pH condition exhibit that the silver species loaded on titania are all in metal silver (Ag 0 ). The contents of silver on silver-titania nanoparticles were confirmed using ICP-MS (Table 1) . Under basic condition, added silver precursor was sufficiently reduced. Silver content of silver-titania was increased with increasing pH value. As shown as Figure 5 , the light absorption spectra of dilute dispersion of P25 and silver-titania nanoparticles were observed by UV-vis spectroscopy. Wide absorption bands at about 450 nm are present in all of silver-titania nanoparticles. These spectra are characteristics of surface plasmon absorption corresponding to silver nanoparticles [31] . The oscillation of the curve above 400 nm is due to interference of light. Compared to P25, an absorption covering the wavelength above 400 nm in the spectra of the nanoparticles would be attributed to the enhanced photoactivities under visible light [32] . Silver-titania nanoparticles could be used in photocatalysis with the using of visible light. The silver-titania nanoparticle prepared under acidic condition shows the best behaviour of visible light absorbance. As increase of silver concentration, the absorbance is decreased. Excessive coverage of silver on the surface of titania may decrease the visible light absorbance. 
Photocatalytic and antimicrobial activities of silver-titania nanoparticles
Photocatalytic activities of silver-titania nanoparticles and P25 were investigated through the degradation of methylene blue (MB) aqueous solution under UV or visible light irradiation. 100 mg of the nanoparticles were dispersed in 100 mL of MB aqueous solution (20 ppm). Then, the dispersion was stirred under visible or UV irradiation. Finally the change of the relative concentration of MB was determined by UV-vis spectroscopy. Figure 6 shows the relative concentration of remained methylene blue after irradiated with UV-A irradiation. For P25, most of the MB was degraded within 120 min. On the other hand, it is clearly seen that the efficiency of the photocatalytic degradation of MB solution slightly decreased with silver loading on the titania nanoparticle. The amount of UV light absorption of titania may be reduced due to silver nanoparticles on the surface of titania. Also, silver on the surface may reflect the UV light [33] . So the UV-A light photocatalytic activity of silver-titania nanoparticles are reduced to about 10% compared with the P25. Compared to P25 nanoparticle, the silver-titania nanoparticles (ST4 and ST6), which are synthesised under acidic condition, exhibits a faster degradation of MB under visible light irradiation as shown in Figure 7 . The visible light photocatalytic activities of silver-titania with silver contents of less than 10 wt% are higher than that of P25. On the contrary, the silver-titania nanoparticle, which was synthesised under basic condition, shows lower visible photocatalytic activity than that of P25. The loaded silver onto titania leads to the formation of a Schottky barrier [34, 35] . When silver and titania are connected directly, electrons migrate from the titania to the loaded silver. The electrical contact forms a space charge layer. The surface of the silver acquires an excess electron while the titania has an excess hole as a result of migration of electron from the space charge layer. The layer formed at the silver-titania interface is called the Schottky barrier. That is silver nanoparticles contact with titania leads to the form the Schottky barrier. The photogenerated electron in titania would transfer to silver, which promotes charges separation on titania. So, loading of silver on the surface of titania leads to an enhancement of the visible light photocatalytic activity. However, the ST8 specimen shows the lower photocatalytic activity than that of P25. There are some reasons that may cause decrease of the photocatalytic activity. For silver loading above the optimum, silver particles attract electrons. So, the electron density of titania is decreased. Also, the large number of silver on titania has high probability of the capture of holes. It decreases the probability of holes reacting with adsorbed species on the titania [36] . The beneficial effects of silver loading on the photocatalytic activity of the titania were more significant in the MB photodegradation under visible light irradiation than under UV irradiation. Antimicrobial activities of the silver-titania nanoparticles, which show higher visible light photocatalytic activities than P25, were evaluated against Escherichia coli (E. coli) based on the dynamic shake flask test according to ASTM E 2149. The standard test method for determining the antimicrobial activity of immobilised antimicrobial agents under dynamic contact conditions is used to evaluate the resistance of non-leaching antimicrobial-treated specimens. The specimens was placed in flask with 1.7 × 10 5 No./mL E. coli culture in buffer solution. The flasks were shaken for a specified contact time and efficacies were evaluated by comparing the E. coli population before and after contact. As shown in Table 2 , the silver-titania nanoparticles show good antimicrobial activities against E. coli due to the loaded silver nanoparticles onto the titania. Reduction of bacterial (%) >99.9 >99.9
E. coli
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Optimal electrospinning condition of polyurethane nanofibres
Before a preparation of silver-titania spreaded polyurethane composite nanofibre mat (CNM), it was very important to find optimum electrospinning conditions of polyurethane (PU) nanofibre mat. So, we searched the optimal electrospinning conditions for uniform PU nanofibres with no defects. PU solution concentration affects the solvent evaporation rate during electrospinning. It influences the nanofibre diameter. Applied voltage affects the strength of electric field that stretches the polymer jet into nanofibre. It also influences the nanofibre morphology. The distance between the needle tip and the collector is related to electric field. It influences the stretching duration and travelling distance of the polymer jet. Flow rate of polymer solution is closely connected with the volume of solution applied to the Taylor cone. It influences the nanofibre morphology. The optimised electrospinning conditions for uniform PU nanofibre mat were verified with FE-SEM images. Also the conditions were selected by observing the shape of the Taylor cones during electrospinning. The optimal electrospinning conditions are summarised in Figure 8 The electrospun PU nanofibre mat at one of the optimal conditions (red spot in Figure 8 (a)) forms a three-dimensional porous structure. As shown in Figure 8 (b), the pore diameter and distribution of the nanofibre mat were measured using a capillary flow porometer. Capillary flow porometry measures the largest pore diameter, the smallest pore diameter, the mean flow pore diameter and distribution without distorting pore structure because this technique uses low pressures. Therefore, capillary flow porometry is a good technique to determine pore diameters and distribution of nanofibre mat [37, 38] .
Silver-titania spreaded polyurethane composite nanofibre mat
Silver-titania spreaded PU composite nanofibre mat (CNM) was prepared by an electrospinning/electrospray simultaneous process. Schematic process is shown in Figure 9 . The process consists of three parts: an electrospinning part, an electrospray part and a collect part. The electrospinning was carried out at the predetermined optimal conditions: DC voltage of 18 kV, the distance of 15 cm and flow rate of 0.5 mL/h. The electrospray was carried out using the silver-titania/methanol dispersion. For electrospray of silver-titania, methanol is better solvent than other solvents such as deionised water, ethanol, diethyl ether and THF. The silver-titania pH 4 (ST4), which showed good photocatalytic and antimicrobial activities, was dispersed in methanol (1.0 wt%) by using a horn-type ultrasonicator for 30 minutes. The dispersion was electrically sprayed onto PU nanofibre surface during electrospinning from the opposite side at the same time. Electrospray conditions were as follows: applied voltage was 15 kV, the suspension feed rate was 1.0−5.0 mL/h and tip-to-collector distance was 10 cm. The cross-section morphology of the composite nanofibre mat (CNM) was examined by FE-SEM (Figure 10 ). The electrosprayed silver-titania nanoparticles are on the surface of PU nanofibres. If uniform dispersion of the functional materials can be ensured, the materials of various sizes can be introduced between the nanofibres. The silver-titania content of the CNM was confirmed by TGA ( Figure 11 ). It is possible to control the content of introduced materials through the change of the suspension feed rate of electrospray. Content of the silver-titania in the CNM is approx. 11.5 wt% for the process with the rate of 5.0 mL/h. Compared to neat PU nanofibre mat, there is no change in thermal stability of the CNM. 
Photocatalytic and antimicrobial activities of the composite nanofibre mat
Removal of dimethyl methylphosphonate (DMMP) for neat PU nanofibre mat and the CNM were determined by measuring the amount of remained DMMP in the solutions under visible light or UV light irradiation. DMMP has been used as a simulant for the nerve agent Sarin. The neat PU nanofibre mat shows similar decrease of the relative concentration in dark and under visible light and UV-A irradiation. In these cases, DMMP is only adsorbed on the surface of PU nanofibres. Slightly improved degradation ability of the CNM in dark is due to the adsorption of DMMP onto the silver-titania nanoparticles, which is on the surface of PU nanofibres. Compared to neat PU nanofibre mat, the CNM shows a better photocatalytic degradation of DMMP under visible light and UV-A irradiation (Figure 12 ). During 60 min, photocatalytic degradation capacities of the CNM are 2.01 × 10 -7 mol/g/s under visible light irradiation and 7.48 × 10 -7 mol/g/s under UV irradiation. Antimicrobial activities of the CNM were evaluated against Staphylococcus aureus (S. aureus) based on antibacterial textile test method according to AATCC 100. In this method, 1 mL of the bacterial suspension (2.5 × 10 5 No./mL) was inoculated onto each of neat PU nanofibre mat and the CNM placed in petri dishes. After inoculation, 100 mL diluent was added to neat PU nanofibre mat samples. Then it was shaken vigorously for 1 min. The number of the bacteria per mL of diluent was determined by serial dilution (10 1 , 10 2 , 10 3 , and 10 4 ). The diluted solution was plated on a suitable nutrient agar. The CNM sample was incubated for 24 h at 37 ± 1°C. The bacterial concentration of the CNM sample was determined by shaking with 100 ml diluent and then counted after serial dilution. Finally a percent reduction of the bacteria was calculated. As shown in Table 3 , the CNM shows good antimicrobial activities against S. aureus due to the silver-titania nanoparticles on the surface of the nanofibres. Table 3 Antimicrobial activities of silver-titania spreaded polyurethane composite nanofibre mat (see online version for colours) 
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Conclusions
The silver-titania nanoparticles with various silver contents were successfully prepared by chemical reduction method. Existence of silver on the surface of the nanoparticles was investigated by various analyses. The valence state of silver on the nanoparticles would be affected the calcination process. The photocatalytic activities of the nanoparticles were confirmed using degradation of methylene blue under visible and UV light irradiation. As contents of silver on the nanoparticles are increased, the visible light photocatalytic activities are decreased. The beneficial effects of silver loading on the photocatalytic activity of the titania was more significant under visible light irradiation than under UV irradiation. In addition, the nanoparticles show good antimicrobial activities against E. coli. In this work, we used simultaneous process of electrospinning and electrospray to prepare the silver-titania spreaded polyurethane composite nanofibre mat. The electrosprayed silver-titania nanoparticles were introduced on the surface of PU nanofibres. For the preparation of nanofibrous composite materials, the various nanomaterials could be applied in this process. Protective ability against chemical warfare agent of the composite nanofibre mat was evaluated by degradation experiment of DMMP (nerve agent simulant) under visible and UV light irradiation. The composite nanofibre mat shows good antimicrobial activities against S. aureus.
In conclusion, the composite nanofibre mat is possible to be applied protective clothing materials that are not only based on protection layers of impermeable protective clothing but also on adsorptive protection layers of permeable clothing. It is able to act as a protection layer with the photocatalytic and antimicrobial activities against chemical and biological warfare agents.
